A. MicroRNA expression profile during adipogenic differentiation in mouse embryonic stem cells.
THE INCREASING GLOBAL OBESITY epidemic gives delineation of the mechanisms underlying adipose development and proliferation a high priority. Adipocytes are derived from mesenchymal progenitor cells and adipogenesis includes a cascade of transcriptional events that culminate in the expression of peroxisome proliferator-activated receptor-␥ (PPAR-␥) and CCAAT/enhancer binding protein-␣ (27) . Beyond this transcriptional regulation, preadipocytes undergo clonal expansion for subsequent terminal differentiation (11) . These key events leading from multipotent mesenchymal stem cells into mature adipocytes have been characterized in recent years (9) . However, molecular events that commit pluripotent embryonic stem cells (ESC) toward the adipogenic lineage during initial stages of differentiation have yet to be identified (26) . Recent studies indicate that microRNAs (miRNA or miR) are necessary involved in successful terminal differentiation of preadipocytes into adipocytes (4, 19, 23, 37) . In human preadipocytes, miR-143 abundance increases during differentiation, whereas an inhibition of miR-143 effectively reduces, e.g., triglyceride accumulation (4). Xie et al. (40) have recently provided the first experimental evidence for miR-103 function in adipose biology. Overexpression of miR cluster 17-92 accelerates adipocyte differentiation through targeting the tumor suppressor Rb2/p130 (37) and can specifically inhibit adipocyte formation in 3T3-L1 cells (23) . Klöting et al. (21) uncovered significant correlations between the expression of several fat depot-specific miRs in human omental and subcutaneous adipose tissue. A transfection of miR-210 mimics into 3T3-L1 cells leads to enlarged cells with distinct lipid droplets, suggesting the specific role of miR-210 in promoting adipogenesis (32) .
In ESC, miRs are required to retain pluripotency and the capacity for self-renewal (18, 25) . ESC are permanent cell lines established directly from the inner cell mass of the preimplantation blastocyst (5) . In the presence of leukemia inhibitory factor (LIF) they maintain the pluripotent undifferentiated state (30) . ESC lacking Dicer, an enzyme that processes small endogenous RNAs, are defective in differentiation and proliferation (20, 29) . A knockdown of Dicer in human multipotent stromal cells (hMSCs) inhibits adipogenic and osteogenic differentiation (31) . MiRs have also been implicated in cellular differentiation and in regulating cell fate decisions of other cell types (17, 33) . Collectively, these findings implicate miRs in ESC regulation and adipogenesis.
We used the murine ESC line CGR8 to investigate the role of miRs during adipogenic differentiation. An early, transient treatment of the pluripotent CGR8 cells with retinoic acid, followed by culture with insulin and triiodthyronine, gives rise to functional adipocytes within 21 days (3). Treatment induces the full process of adipogenesis, from pluripotent undifferentiated ESC, through mesenchymal progenitor cells toward mature adipocytes and provides hereby a suitable model to particularly study the initial stages of adipocyte origination and maturation.
Embryonic cells have an astonishing capacity to adapt quickly to metabolic changes. A molecular "cell memory" can store this "stress" information, leading to changes in metabolic programming of further development and differentiation. Since the underlying mechanism are poorly understood, we hypothesized a potential regulation by miRs as miRs are important regulators of biological processes and of metabolic pathways, including glucose homeostasis and insulin resistance (14, 22) . Glucose itself can change miR expression, e.g., in the pancreatic beta-cell line MIN6. Tang et al. (34) identified ϳ50 upregulated and several downregulated miRs due to a treatment with high glucose. To study potential mechanisms of metabolic programming, we induced a metabolic stress by culturing the ESC during determination phase in media with standard (25 mM) or low (5 mM) glucose.
We have now characterized for the first time the dynamic expression profile of miRs in adipocyte maturation in vitro. The findings presented here provide an experimental framework for further functional analysis of regulated miRs and their targets to better understand their role in adipose tissue formation.
Profiling was performed by microarrays containing the Exiqon v.8.1 probe set, which targets nearly 1,500 miR sequences from mouse, human, and up to 50 other species. We found that the expression of 129 miRs changed during adipogenic differentiation. Furthermore, we identified and clustered miRs, which vary in abundance in several stages of adipogenic differentiation. Our data provide evidence for a crucial role of miRNAs in ESC differentiation and cell fate determination. Furthermore, the profile characterizes miRs whose expression changes and are either known to be important for adipogenic differentiation and specific adipocyte cell function or are now implicated in these processes.
MATERIAL AND METHODS
Cell culture and reagents. The ESC line CGR8 was obtained from Prof. Anna Wobus, IPK Gatersleben, Germany, originating from the laboratory of Prof. Austin Smith (28) . GRR8 cells were cultured on 0.1% gelatin-coated tissue culture dishes in Glasgow MEM BHK 21 (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum (selected batches, GIBCO), 2 mM L-glutamine (Invitrogen, Germany), 100 M ␤-mercaptoethanol (Serva), nonessential amino acids (stock solution diluted 1:100; Invitrogen), 1 mM sodium-pyruvate (Invitrogen), streptomycin/ampicillin (50 U/ml ampicillin, 50 g/ml streptomycin; Invitrogen), and 10 ng/ml LIF to maintain the pluripotent undifferentiated state.
The differentiation medium comprising Dulbecco's MEM (Invitrogen), 20% heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 M ␤-mercaptoethanol, essential amino acids (stock solution diluted 1:50, Invitrogen), and 1 mM sodium-pyruvate, streptomycin-ampicillin (50 U/ml ampicillin, 50 g/ml streptomycin; Invitrogen).
Differentiation of CGR8 cells into adipocytes in vitro. The adipogenic differentiation of the ESC CGR8 was performed in a hanging culture (3) . Drops of differentiation medium (20 l) with 1,000 cells were placed onto the lids of Petri dishes filled with PBS and cultured for 2 days. The CGR8 cells aggregated and formed so-called embryoid bodies (EBs). During the 48 h of EB formation the cells were cultured with low glucose (5 mM) or standard glucose (25 mM). The following culture from day 2 to day 21 (see Fig. 1 ) was performed under standard conditions (25 mM glucose). On day 2 cell aggregates were transferred into nonadhesive bacteriological-grade Petri dishes and maintained for 3 days in suspension in differentiation medium containing 0.1 M retinoic acid. Medium was changed every day. After this, EBs grew for another 2 days without retinoic acid. The 7-day-old EBs were placed onto 0.1% gelatin-coated dishes and cultured for another 14 days in differentiation medium supplemented with 85 nM insulin and 2 nM triiodothyronine (T3). Medium was changed every 2 days and adipocytes appeared at day 21.
Adipogenic differentiation of CGR8 cells. CGR8 cells can be induced into differentiated adipogenic cells containing lipid droplets, which are comparable to mature adipocytes ( Fig. 1) .
Staining with red oil O provided evidence of a successful adipogenic differentiation.
Preparation of total RNA. Total RNA from undifferentiated and differentiated CGR8 cells was extracted with guanidinium-thiocyanate as published by Chomczynski and Sacchi (2) . RNA was treated with DNase for 1 h, and the amount of total RNA was determined spectrophotometrically at 260 nm. Integrity of the RNA was assessed by an electrophoretic separation. RNA probes were collected from undifferentiated cells, at day 5, day 10, and day 21 of differentiation.
RNA labeling and microarray methods. RNA labeling was performed as described before (16, 35) . MiRs are labeled by ligating a fluorescently tagged dinucleotide (Cy3 or Cy5 dyes) to two RNA samples to be compared. Following ligation, samples are precipitated, and the dried pellets are combined in hybridization buffer. The labeled miRs are competitively hybridized to spotted microarrays printed using the Exiqon library, v8.1. These multispecies arrays contain 768 Locked Nucleic Acid probes, printed in duplicate. Following overnight hybridization, the arrays are washed, dried, and scanned. Dried slides were scanned with a GenePix 4000B Scanner (Molecular Devices). All experiments were performed from three biological samples, each set including three technical replicates. To eliminate a dye bias, a dye swap design was incorporated by mixing labeled RNA with the corresponding RNA replicate labeled with the opposite fluorescent dye.
Microarray data analysis. Cy3 and Cy5 median pixel intensity values were foreground and background extracted from the scanned images using the Spot v3 plug in (Commonwealth Scientific and Industrial Research Organisation, Australia) for R (The R Foundation for Statistical Computing). Following background subtraction, the mean intensities were log2-transformed, and a single ratio for Cy3/ Cy5 was obtained for each probe. Normalization of the ratio values was done with the LIMMA plug-in (The Walter and Eliza Hall Institute, Australia). A linear model was conducted for every probe on the microarray to determine altered expression and the P value of each miR. MiRs with a P Յ 0.05 were considered as differentially expressed.
cDNA synthesis and measurement of miRNA expression. We used 10 ng of total RNA of each sample for cDNA synthesis of the selected miRNAs miR-143, miR-152, miR-210, miR-219 using stem-loop primers (single kits by Applied Biosystems). Reverse transcription reactions were carried out with the TaqMan Reverse Transcription Kit according to manufacturer's protocol (Applied Biosystems). For each of the selected miRNAs, real-time-PCR measurements with specific Taqman primers were performed in duplicate measurements on the StepOnePlus Real-Time PCR System (Applied Biosystems), determining a mean C T value for each sample. CT values of the different samples were compared with the ⌬⌬CT method described by Livak and Schmittgen (24) . Expression of snoRNA234 was homogenous in all samples and served as internal reference. Levels of significance between groups were calculated by Student's t-test after proving normal distribution or Wilcoxon-Mann-Whitney test (SigmaPlot v. 11.0). Data are expressed as means Ϯ SE. MiRs with a P Յ 0.05 were considered as differentially expressed. Tables S3 and S6) .
RESULTS

MiR expression changes markedly during adipogenic differ-
At day 21, EBs containing adipocytes, differentially expressed 159 miRs compared with undifferentiated ESC. Of these 159 miRs, 116 (73%) were upregulated and 43 (27%) were downregulated, with fold changes between 1.5 and 56.1 and 110 (69.2%) being regulated by greater than twofold (Supplemental Tables S4 and S7 ).
All miRs (belonging to the human and mice family) differentially expressed during CGR8 adipogenic differentiation at day 5, 10, and 21 are shown in the appropriate rank order in Figs. 2 and 3 , respectively.
Influence of glucose on miR expression. When cultured under low glucose concentrations (5 mM glucose) during 48 h of determination, EBs differentially expressed 114 miRNAs at day 5, 64 miRs at day 10, and 134 miRs at day 21 compared with the miR expression in undifferentiated ESC. The miRs belonging to the human and mice family are listed below (Supplemental Tables S8 -S13). No miRs were differentially expressed by cells cultured in 5 mM glucose vs. 25 mM glucose for 2 days and directly compared by microarray.
Classification of miRs during adipogenic differentiation of CGR8 cells.
We were particularly interested in miRs at the early differentiation stage (days 5 and 10). We identified differentially expressed 10 miR clusters, which were found to contain potential markers and regulators of the mesodermal differentiation and cell fate determination into adipocytes. The miRs were classified by their experimental regulation during mesenchymal and directed adipogenic differentiation. We identified and grouped miRs that are expressed in 1) mesenchymal progenitor cells, 2) mesenchymal progenitor cells and preadipocytes, 3) preadipocytes, 4) preadipocytes and adipocytes, 5) mesenchymal progenitor cells and adipocytes, 6) adipocytes, and 7) mesenchymal progenitor cells, preadipocytes, and adipocytes (Table 1 and Supplemental Fig. S7) .
Validation of microarray by qRT-PCR. Many studies have shown that miRs participate in multiple metabolic processes including adipogenesis. MiR-143 is involved in cell differentiation, with increasing abundance during differentiation into adipocytes (4). Qin et al. (32) suggested a specific role of miR-210 in promoting adipogenesis by targeting the WNT/␤-catenin signaling pathway. miR-143 and miR-210 were iden- Table 1 .
Clustering of miRs according to their appearance at specific time points during adipogenic differentiation of CGR8 cells
Regulation in Differentiating Cells
Name
MiRs expressed in mesenchymal progenitor cells
Up mmu-miR-296, mmu-miR-681,hsa-miR-373*, hsa-miR-498, hsa-miR-585, hsa-mir-623, hsa-miR-638, hsa-miR-663 Down mmu-miR-135b, mmu-miR-182, mmu-miR-185, mmu-miR-297b, mmu-miR-302c, mmu-miR-485-5p, mmu-miR-677, mmu-miR-690, mmu-miR-696
MiRs expressed in mesenchymal progenitor cells and preadipocytes
Up mmu-miR-219 Down mmu-miR-142-3p, hsa-miR-549
MiRs expressed in preadipocytes
Up mmu-miR-30e, mmu-miR-107, mmu-miR-301, mmu-miR-335, hsa-miR-584 Down mmu-miR-189, mmu-miR-291a-3p, mmu-miR-367, mmu-miR-434-3p, mmu-miR-452
MiRs expressed in preadipocytes and adipocytes
Up mmu-let-7d, mmu-let-7 g, mmu-miR-30c, mmu-miR-103, mmu-miR-143, mmu-miR-152, mmu-miR-199a*, mmu-miR-199a, mmumiR-199b, mmu-miR-218, mmu-mir-345, mmu-miR-424, hsa-miR-424
MiRs expressed in mesenchymal progenitor cells and adipocytes
Up mmu-miR-700, hsa-miR-193b, hsa-miR-492, hsa-miR-769-3p Down mmu-miR-703, hsa-miR-520a
MiRs expressed in adipocytes
Up mmu-miR-1, mmu-let-7b, mmu-let-7c, mmu-let-7f, mmu-let-7i, mmu-miR-9, mmu-miR-15a, mmu-miR-16, mmu-miR-21, mmumiR-22, mmu-miR-23a, mmu-miR-23b, mmu-miR-24, mmu-miR-26a, mmu-miR-26b, mmu-miR-27a, mmu-miR-27b, mmu-miR29a, mmu-miR-29b, mmu-miR-29c, mmu-miR-30a-5p, mmu-miR-31, mmu-miR-34b, mmu-miR-98, mmu-miR-99a, mmu-miR101a, mmu-miR-125a, mmu-miR-125b, mmu-miR-126-3p, mmu-miR-134, mmu-miR-136, mmu-miR-137, mmu-miR-140*, mmumiR-140, mmu-miR-145, mmu-miR-148a, mmu-miR-181a, mmu-miR-193, mmu-miR-195, mmu-miR-205, mmu-miR-207, mmumiR-210, mmu-miR-212, mmu-miR-214, mmu-miR-221, mmu-miR-224, mmu-miR-324-5p, mmu-miR-338, mmu-miR-422b, mmu-miR-487b, mmu-miR-711, hsa-let-7a Down mmu-miR-17-5p, mmu-miR-18, mmu-miR-19a, mmu-miR-19b, mmu-miR-20a, mmu-miR-20b, mmu-miR-106a, mmu-miR-291a5-p, mmu-miR-706, hsa-miR-18b, hsa-miR-92b, hsa-miR-526c, mmu-miR-699
MiRs expressed in mesenchymal progenitor cells, preadipocytes, and adipocytes
Up mmu-miR-10a, mmu-mir-10b, mmu-mir-100, mmu-mir-689 Down mmu-miR-142-5p, mmu-miR-291a-3p, mmu-miR-292-3p, mmu-miR-293, mmu-miR-294, mmu-miR-295, mmu-miR-302, mmu-miR302b, mmu-miR-302d, mmu-mir-367, mmu-miR-469, mmu-mir-713 miR, microRNA. http://physiolgenomics.physiology.org/ tified in the CGR8 miR profile analysis. To verify the accuracy of the miR microarray, the expression levels of four putative adipogenesis-relevant miRNAs, miR-143, miR-152, miR-210, and miR-219, were measured in undifferentiated cells, mesenchymal progenitor cells, preadipocytes, and adipocytes by qRT-PCR and compared with snoRNA234 expression according to the ⌬⌬C T method (24) (Fig. 4) . The quantification by qRT-PCR confirmed our microarray measurements as the miR-143 was significantly upregulated at all time points. Furthermore, the expression level of the miR-152 and miR-210 was significantly higher in preadipocytes and adipocytes than in the undifferentiated cells. For miR-219 the microarray comparison demonstrated a higher expression in mesenchymal progenitor cells and preadipocytes than in undifferentiated cells. This trend was confirmed by the qRT-PCR quantification. The quantification of representative miRs (-143, -152, -210) by qRT-PCR demonstrate the reliability of the miRNA microarray analysis.
EXPRESSION OF miR IN ESC-DERIVED ADIPOCYTES
Physiol Genomics
Expression of ESC-related miRs.
The miR-290 -295 cluster, which comprises seven miRs, accounts for Ͼ70% of the entire miR population in murine ESC (25, 18) . During ESC differentiation, its expression is rapidly downregulated (15) . The downregulation of this cluster during adipogenic differentiation of CGR8 cells is shown in Fig. 5 . Another abundant miR cluster in ESC is the miR-17-92 cluster (25) . All miRs belonging to this cluster (miR-17, miR-18, miR-19a, miR-19b , miR-20, and miR-92a-1) are, except miR-92a-1, significantly downregulated at day 21 during adipogenic differentiation in CGR8 cells (Fig. 5) .
DISCUSSION
The present study establishes for the first time a profile of miR expression in adipogenic differentiation in vitro, which not only focuses on the terminal differentiation from preadipocytes to adipocytes but also includes the initial differentiation from ESC, via mesenchymal progenitor cells to adipocytes.
The channeling of cell fate determination by miRs is important for cell lineage decisions. Foshay and Gallicano (6) demonstrated that modulation of miR-93 and miR-20 expression can alter cell fate commitment during ESC differentiation. It was postulated that cell fate determination may require two classes of miR: the first category includes those making major cell fate decisions for different cell lineages, such as neuronal versus myogenic cells, while the second category involves those responsible for the fine-tuning of cell fate determination within a lineage, e.g., muscle cells become either myocytes or cardiomyocytes (36) . Our miR cluster analysis supports this thesis, that there are some early miRs that trigger the differentiation of ESC into mesenchymal progenitor cells and that the further differentiation from progenitor cells to mature adipocytes is determined by other miRs. Moreover, several studies suggest that miRs are not essential for poorly differentiated tissues to survive but are required for differentiation and tissue-specific gene expression (20, 29) . Oskowitz and coauthors (31) detected 20 upregulated and one downregulated miR during adipogenic differentiation of hMSCs. They therefore conclude that it is not surprising to find more upregulated than downregulated miRs during differentiation (31) . By analyzing almost 1,500 miR sequences from mouse, human, and up to 50 other species, we found at day 5 61.5% upregulated and 38.5% downregulated miRs, at day 10 63% upregulated and 37% downregulated miRs, and at day 21 were 73% of the significant altered miRs upregulated and 27% downregulated.
Our results are in accordance with previous miR analysis in other models, both ESC and adipogenic differentiation models (4, 15, 19, 40) . A comparison of miR profiles shows that most of the miRs described in adipogenesis were also upregulated in differentiating CGR8 cells: miR-let-7c, which causes an increase in PPAR␥2 in 3T3-L1 cells, miR-10b, miR-15, miR26a, miR-30a-5p, miR-30c, miR-98, miR-99a, miR-103, miR- 143, miR-148a, miR-152, miR-224, miR-422b, and miR-let-7b (see Fig. 6 ) (4, 19, 40) . That underlies the general function of listed miRs in adipose tissue formation.
Only the expression of the miR-17-92 cluster during CGR8 differentiation was found to be distinct to data from mesenchymal stem cell lines. During adipogenic differentiation of CGR8 cells the miR-17-92 cluster is almost completely downregulated (Fig. 5) . From data obtained in 3T3-L1, it appears that the miR-17-92 cluster accelerates adipocyte differentiation by negatively regulating the tumor-suppressor Rb2/p130 during the early clonal expansion stage of adipogenesis. The miR-17-92 cluster is upregulated during adipocyte differentiation in 3T3-L1 cells (37) . While Wang and coauthors (37) used the murine preadipocyte cell line 3T3-L1 for their miR analysis, we generated adipocytes from undifferentiated ESC, compromising the early cell differentiation steps. Our findings of the miR-17-92 in the CGR8 are in accordance with Marson and coworkers (25) , who indentified the miR-17-92 cluster as one of the most abundant ESC miRs. Gunaratne (12) even postulated that miR-17-92's clustering together with other networks is fundamental for pluripotency and self-renewal associated with ESC. So it is not surprising that we found a downregulation during differentiation of CGR8 ESC.
In vitro culture conditions with short-term glucose exposure during the determination period did not affect the general expression profile of miRs in differentiating CGR8 cells. It has been shown that glucose can influence ESC differentiation. Hyperglycemia for example alters the expression of genes involved in proliferation and cell-fate specification of embryonic neural stem cells (8) . We chose the CGR8 cell model to study the developmental impact of short-term metabolic stress during ESC determination but found no glucose-induced alteration in miR expression patterns. The selected time period is not too short, as Wyman and colleagues (39) have demonstrated in a mouse model that exposure to maternal diabetes during oogenesis, fertilization, and the first 24 h was enough to program permanently the fetus to develop significant morphological changes. The used glucose concentrations (5 mM) simulated moderate metabolic stress for embryonic cells as ESC are routinely cultured in high glucose-containing medium (25 mM). As shown in previous studies (7, 34) glucose is able to regulate the miR levels, but not in case of short-term glucose exposure of undifferentiated ESC. This fact is important in understanding long-term metabolic programming effects. Our results indicate that miRs are in all likelihood not involved in the long-term adaption to short-term glucose exposure.
Therefore, other metabolites that trigger potentially an early metabolic programming during embryonic development are lipids or insulin, the important hormone controlling whole body energy homeostasis. In mice it has been shown that, e.g., a maternal high-fat diet during pregnancy and lactation alters moderately key miRs in the adult offspring (41) . Insulin is involved in the regulation of miR expression in human skeletal muscle (10) . Our model is ideal for elucidating the influence of such metabolites, and further experiments are indispensable.
In summary, we have demonstrated the suitability of the miR profiling strategy in CGR8 cells to reveal complex adipogenic differentiation. We present a list of miRs involved in embryonic and mesenchymal cell differentiation into adipocytes, and the findings described here provide an experimental framework for further functional analyses.
